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Abstract 
 
      A Carbon nano tube (CNT)–Ferrihydrite nanocomposite was synthesized through precipitation in ethyl alcohol media. Its 
detailed characterization was carried out using XRD, SEM, FTIR and EDAX. The adsorption characteristics of the composite for 
As(V) removal were carried out as function of pH, adsorbent dose, As(V) concentration and contact time. Although pure CNT did 
not show any significant adsorption, CNT-Ferrihydrite proved to be a good adsorbent for arsenic. With increase in pH, the As(V) 
adsorption on the composite first decreased up to pH 5.0, thereafter it remained nearly constant. The adsorption followed the 
Langmuir isotherm model and from the data its monolayer adsorption capacity was estimated to be 44.1 mg/g. The adsorption data 
were best described by the pseudo-second order kinetic model. 
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1.  Introduction 
 
   Serious ground water environmental problem posed by arsenic both from natural and anthropogenic sources has become a global 
concern because arsenic is highly toxic and carcinogenic to man and other living organisms. Similarly waste liquors of some 
metallurgical industries which contain higher concentration of arsenic than in contaminated ground waters also pose a major 
problem for safe disposal. Several techniques for removing arsenic from such solutions are currently used. The most common 
methods involve oxidation-precipitation, coagulation-precipitation, adsorption, ion-exchange and membrane filtration.  Adsorption 
is the most favoured technique due to its simplicity of operation and economic considerations. Mohan and Pittman (2007) have 
carried out an exhaustive review of this subject. 
      Carbon nanotubes (CNT) due to their unique structures and exceptional properties have been the focus of research and 
development since their discovery in 1991 (Iijima, 1991). Their thermal and chemical stabilities have made them attractive 
adsorbents for organic and inorganic contaminants in water (Li et al., 2002; Peng et al., 2003).  
      Due to their large specific area, CNTs are also suitable for using as support material for various composite materials. Li                 
et al.(2001) deposited amorphous Al2O3 using carbon nano tubes as supports and showed that (Al2O3/CNT) composite had almost 
four times higher fluoride adsorption capacity than γ-Al2O3. Peng et al. (2005) prepared iron oxide - CNT magnetic composites 
and used for removal of Pb(II) and Cu(II) from water. They showed that after adsorption the adsorbent could be separated from the 
medium by a simple magnetic process with >98% recovery. CNT alone or its composites with other material have not been 
previously investigated for the remediation of arsenic from water. Synthetic ferrihydrite and other iron oxides/hydroxides as well 
as those which occur naturally are known to play an important role in the sequestration of contaminants from ground water through 
adsorption (Schwertmann and Taylor, 1989). Ferrihydrite has previously been studied for its use in arsenic remediation from water 
(Raven et al., 1998; Jia and Demopoulos, 2005).  
   The objective of the present work is to investigate the ability of CNT to remove arsenic from contaminated water by adsorption.  
A CNT-ferrihydrite composite has also been included in the work to establish how the composite material performs for removal of 
arsenic from aqueous media. The potential of CNT and the CNT-ferrihydrite composite for arsenic removal has been determined Poinern et al./ International Journal of Engineering, Science and Technology, Vol. 2, No. 8, 2010, pp. 13-24 
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by carrying out batch adsorption studies. A relatively high arsenic concentration (up to 100 mg/L) has been used keeping in view 
the treatment option of hydrometallurgical waste solutions.  
 
2.  Experimental 
 
2.1 CNT  
   CNT were obtained from NanoAmor Nanostructured & Amorphous Materials Inc. Houston, TX, USA. The tubes had an outer 
diameter of 20-50nm, length of less than 2µm and a purity of approximately 95%. 
 
2.2 Ferrihydrite-CNT composite 
   A 250mL solution of 0.1M iron (III) nitrate solution was prepared by dissolving Fe(NO3)3. 9H2O in absolute ethanol.  CNT (0.05 
g) were added to the solution and dispersed by ultrasonication at 80% intensity for 30 minutes. This solution was then 
homogenized with a homogenizer at 15000rpm and tetraethyl ammonium hydroxide (TEAH) was added drop-wise via a burette, 
until the pH reached 9. The solution was continually stirred for a further 5 minutes to ensure completion of the reaction. The 
solution was filtered under vacuum and the precipitate was washed thoroughly with ultrapure
 water to remove any excess reagent. 
The precipitate was then dried in a vacuum desiccator for 48 hours after which it was crushed to a consistent fine powder with a 
mortar and pestle and stored in a sealed sample vial. 
 
2.3 Characterization 
   The surface areas of the adsorbents before and after arsenic loading were determined by the BET method at the Commonwealth 
Scientific and Industrial Research Laboratory, Bentley, Western Australia. The structure and morphological features of the 
adsorbents were investigated with a high resolution field emission scanning electron microscope (Zeiss 1555 VP-FESEM) at 3kV 
with a 30µm aperture under 1 x 10
-10 Torr pressure. 
EDAX data were collected using SiLi line scanning detector attached to a scanning electron microscope. The system resolution 
was 105eV with an accelerating voltage of 20.0kV. The scan was over a range 0.0 to 14.0 keV. The data was analyzed using the 
ISIS-EDX software. 
Fourier transform infrared spectroscopy was performed in Thermo Scientific Nicolet 6700 FTIR spectrometer by scanning KBr 
discs of the samples in the range 400 – 3500 cm
-1. The data was analyzed using the OMNIC software. 
X-Ray Diffraction spectra were recorded with a Siemens D500 series diffractometer using Cu Kα = 1.5406 Å radiation, 40kV 
and 30 mA. The diffraction spectra were collected at room temperature over the 2θ range 20
o to 80
o at 0.04
o step size, with an 
acquisition time of 2 seconds. 
 
2.4 Adsorption studies 
The As(V) solutions of required concentrations were prepared by diluting appropriate volumes of a stock solution. The pH of 
solutions was adjusted by adding 0.1M HNO3 or 0.1M NaOH as required. The adsorption studies were carried out by placing 
known volumes of the various As(V) solutions in contact with pre determined amounts of the adsorbents in tightly closed bottles. 
The bottles were subjected to shaking for the required period of time by placing them in a Perth Scientific shaking water bath at 75 
rpm at 25
0C. After shaking, the suspension was filtered twice using a 0.22 μm Millipore syringe filter unit and the filtrate was 
analyzed for residual arsenic by ICP-MS at the NATA accredited Marine and Freshwater Research Laboratory (MAFRL), 
Murdoch University. 
 
3  Results and discussion 
 
3.1  Characterization of CNT and CNT-ferrihydrite composite 
The surface area of CNT, as determined by the BET method was found to be 129.3m
2/g. The surface area of the CNT-
Ferrihydrite composite was 231.6m
2/g indicating the synthesized composite had a much higher surface area (almost double) than 
the CNT used in the experiment. Figure 1(a) shows the FESEM image of the CNT. The material consisted of regular tube 
structures of  length <2 µm, with outer diameter in the range 30-50 nm. The FESEM image of CNT-ferrihydrite composite (Fig.1 
(b)) shows that the material consisted of CNT covered with agglomerated ferrihydrite particles with bundle like structure. In some 
regions, the CNT’s appeared to remain separated from the ferrihydrite. Thus the composite was a two phase solid. 
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Figure 1. FESEM images of (a) CNT and (b) CNT-ferrihydrite composite 
 
 
Figure 2 (a) displays the X-Ray diffraction pattern of CNT which shows that the main crystal orientation (h k l) was (002) 
corresponding to 2θ value of 26.1°. The XRD pattern is consistent with that reported by Emmanuel, et al. (2009) and Gao, et al. 
(2004).  
In the XRD pattern of CNT-ferrihydrite composite [Figure 2 (b)], two broad peaks at around 35
0 and 62
0 are visible. Overall, the 
XRD pattern resembles that of the 2-Line ferrihydrite. (Kukkadapu et al., 2004 ; Schwertmann and Cornell, 1991). 
 
 
 
Figure 2. XRD patterns of (a) MWCNT and (b) CNT-ferrihydrite composite. 
 
 
The FTIR spectrum of the CNT-ferrihydrite is displayed in Figure 3.  The near infrared region has peaks at 472.6, 587.2 and 
665.2cm
-1, which are characteristic of Fe-O bonds (Liu et al., 2009).  The band at 2881 and the shoulder at 2942cm
-1 can be 
attributed to the symmetrical and asymmetrical stretching of the –CH2–. The prominent band at ~3000cm
-1 is assigned to the 
asymmetrical stretching of –CH3, whereas the symmetrical and asymmetrical bending vibrations of –CH3 are located at ~1361 and 
~1482cm
-1 respectively. The prominent band at 1740 cm
-1 is distinctive of carbon nanotube vibrational modes. The bands at 1580 
and 2357cm
-1 correspond to C-O bonds (Jiang et al., 2003; Misra et al., 2006), which arise from the carbonate contamination 
resulting from the atmospheric carbon dioxide reacting with ferrihydrite (Liu et al., 2009). The band at 1676cm
-1 is assigned to the 
O-H bending mode of water, whereas the other O-H stretching bands are in the region 3000-3400cm
-1. The broad stretching of the 
bands in this region is due to adsorbed or lattice water (Liu et al., 2009; Jia et al., 2007; Kahani and Jafari, 2009). 
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Figure 3. FTIR spectrum of CNT-ferrihydrite composite 
 
 
3.2 Effect of initial pH on As(V) adsorption 
The effect of pH, in the range 2-10, on adsorption of As(V) on CNT and  CNT-ferrihydrite composite was investigated. The 
other parameters which were kept constant were: [As(V)]initial 50 mg/L, adsorbent concentration 1g/L, temperature 25
0C and, 
contact time 2.5h. Figure 4 shows that pH variation had little effect on the As(V) adsorption on CNT and overall adsorption was 
very low (c.a. 3.8%). The lack of suitable functional groups on CNT would explain this observation. The ionic adsorption 
capability is known to be mainly determined by the functional groups which are usually introduced by chemical treatments such as  
oxidation (Dabrowski, 1999). Appropriate treatments can introduce functional groups such as hydroxyl (-OH), carboxyl (-COOH) 
and carbonyl (>C=O), on the surface of CNTs (Li et al., 2002). Introduction of functional groups on CNT enhances its ionic 
adsorption properties.  
Unlike the CNT used in this work, the arsenic adsorption on CNT-ferrihydrite composite is found to be highly pH dependent. As 
can be seen from Figure 4, the As (V) adsorption is high at pH 2 and decreases rapidly to pH 5 after which increase in pH does not 
have much effect.  As(V) predominantly exists as H2AsO4
- and HAsO4
2- in the pH range 2.7 to 11.5 (Tripathy and Raichur, 2008). 
Acidic solutions provide sufficient protonated sites to the adsorbent which result in a net positively charged surface. Negatively 
charged oxyanions are attracted to these sites.  
 
Figure 4. Effect of initial pH on As(V) adsorption on CNT and CNT-ferrihydrite composite. 
[Conditions: 298 K, adsorbent dose 1g/L, contact time 2.5 h, initial As(V) 50mg/L] 
 
At high pH the adsorbent surface is negatively charged through adsorption of hydroxyl ions leading to repulsive forces between 
the negatively charged surface and oxyanions. Since adsorption is favoured in acidic media (pH<5) this material should be a Poinern et al./ International Journal of Engineering, Science and Technology, Vol. 2, No. 8, 2010, pp. 13-24 
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valuable reagent for arsenic remediation from acidic hydrometallurgical waste liquors. Thus further adsorption studies were carried 
out at pH 3. 
 
3.3 Effect of adsorbent dose on As(V) adsorption 
The effect of CNT-Ferrihydrite composite dose in the range 1 g/L to 10 g/L on As(V) adsorption was investigated at pH 3. The 
initial As(V) concentration was kept constant at 50 mg/L and the contact time used was 2.5 h. Figure 5 shows that the As (V) 
adsorption increased from 37% to 80 % when the adsorbent dose increased from 1 g/L to 10 g/L. The adsorption capacity 
decreased from 17.7 mg/g to 3.9 mg/g.  The increase in % As(V) adsorption with the increase in adsorbent dose may be due to 
increased available adsorption sites and the decrease in adsorption capacity is mainly due to unsaturation of adsorption sites 
through adsorption reaction. 
 
 
Figure 5. Effect of adsorbent dose on As(V) adsorption. 
[Conditions: 298 K, pH 3.0, contact time 2.5 h, initial As(V) 50mg/L] 
 
3.4 Kinetics of As (V) adsorption on CNT-ferrihydrite 
The kinetics of arsenic adsorption on CNT-ferrihydrite were determined under the conditions: initial arsenic concentration 
50mg/L, pH 3, adsorbent dose 1 g/L and temperature 25
oC. The contact time was varied from 15 minutes to 4 hours. The 
adsorption occurred in two phases: fast for about 90 minutes followed by a slower phase. The equilibrium was established in about 
3 h. To ensure attainment of equilibrium, all further experiments were carried out to 4 h duration.   
The experimental data were processed with respect to three different kinetic models namely pseudo-first order (Lagergren, 1898), 
pseudo-second order (McKay and Ho, 1999) and intra-particle diffusion (Weber and Morriss, 1963).  
The equations (1) and (2) represent the linear forms of the pseudo-first order and pseudo-second order models respectively. 
 
t
k
q q q e t e 303 . 2
log ) log(
1 − = −           ( 1 )  
  
t
q q k q
t
e e t
1 1
2
2
+ =           ( 2 )  
 
Where, qe (mg/g) and qt (mg/g) are amounts of As(V) adsorbed at equilibrium and at time t respectively. k1 (/min) and k2 
(g/min.mg) are the pseudo-first order and pseudo-second order adsorption rate constant respectively.  
Figure 6 and Figure 7 show pseudo-first order and pseudo-second order plots respectively for the experimental data. Various rate 
constants derived from the slopes and intercepts along with correlation coefficients are given in Table 1. The pseudo-second order 
plot (Figure 7) has better correlation coefficient (R
2).The calculated value of adsorption capacity from the plot in Figure 7 is found 
to be closer to the experimentally determined value than that calculated from Figure 6. This suggests that the pseudo-second order 
model represents the kinetic data more accurately. Poinern et al./ International Journal of Engineering, Science and Technology, Vol. 2, No. 8, 2010, pp. 13-24 
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Figure 6.  Pseudo-first order plot for As(V) adsorption on CNT-ferrihydrite. 
[Conditions: 298 K, adsorbent dose 1g/L, initial [As(V)] 50mg/L, pH 3] 
 
Table 1. Rate constants and correlation coefficients for kinetic models 
 
qe,expt 
(mg/g) 
Pseudo-first order model  Pseudo-second order model  Intra-particle diffusion  
qe,cal 
(mg/g) 
k1  
(min
-1) 
R
2 q e,cal 
(mg/g) 
k2 (g/mg.min)  R
2  k id (mg/g.min
1/2) C  (mg/g) R
2
34.2  26.06 0.019  0.980 38.46 9.18x10
-4 0.997  2.72  4.23 0.978 
 
 
Figure 7.  Pseudo-second order plot for As(V) adsorption on CNT-ferrihydrite. 
[Conditions: 298 K, adsorbent dose 1g/L, initial [As(V)] 50mg/L, pH 3] 
 
The intra-particle diffusion model, proposed by Weber and Morris (1963), is expressed as 
C t k q id t + =          ( 3 )  
where, kid is the intra-particle diffusion rate constant (mg/g.min
1/2) and C is a constant related to boundary layer thickness (mg/g).  
If intra-particle diffusion is involved in the adsorption process, the t
1/2 versus qt plot should be linear and should go through the 
origin if intra-particle diffusion is the sole rate-controlling step. Figure 8 shows that the plot of qt vs. t
1/2 is not linear over the entire 
time period. This implies that more than one process is controlling the adsorption. The dotted line is indicative of the intra-particle Poinern et al./ International Journal of Engineering, Science and Technology, Vol. 2, No. 8, 2010, pp. 13-24 
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diffusion on the CNT-ferrihydrite, for which the rate constant and intercept are given in Table 1. It could be concluded from the 
results that intra-particle diffusion predominantly influences the rate during the first 90 minutes of the experiment. After this 
period equilibrium approaches and the adsorption slows down.  
 
 
Figure 8. Intra-particle diffusion model plot for As(V) adsorption. 
[Conditions: 298 K, adsorbent dose 1g/L, initial [As(V)] 50mg/L, pH 3] 
 
 
3.5  Adsorption isotherms 
The distribution of adsorbate between aqueous phase and adsorbent is a measure of the position of equilibrium in an adsorption 
process and can be investigated through various models such as the Langmuir and Freundlich isotherms. The Langmuir model is 
based on the assumption of homogeneous monolayer coverage with all sorption sites to be identical and energetically equivalent. 
The Freundlich model assumes physicochemical adsorption on heterogeneous surfaces. The linear forms of the two models are: 
 
Langmuir 
b Q Q
C
q
C
m m
e
e
e
.
1
+ =            ( 4 )  
Freundlich 
e F e C
n
K q ln
1
ln ln + =           ( 5 )  
 
where, Ce (mg/L) is equilibrium As(V) concentration in the solution, Qm (mg/g) is the monolayer adsorption capacity, and b 
(L/mg) is the Langmuir adsorption constant related to the free energy of adsorption.  KF (mg/g)(mg/L)
-1/n and n (dimensionless) are 
Freundlich adsorption isotherm constants being indicative of extent of adsorption and intensity of adsorption, respectively.  
The Langmuir isotherm equation was used to estimate the maximum adsorption capacity of the CNT-ferrihydrite composite 
under the conditions 298 K, pH 3.0, 4h contact time and 1 g/L adsorbent dose while varying initial As(V) concentration from 10 to 
100 mg/L. The values of the isotherm constants and R
2 are given in Table 2. The linear plot (Figure 9) of Ce/qe versus Ce along 
with high value correlation coefficient indicate that Langmuir isotherm provides a better fit with the equilibrium data.  
The adsorption data when fitted to the Freundlich isotherm i.e.the plot of log qe versus log Ce (Figure 10) shows that Freundlich 
isotherm gives a poor fit to the experimental data as compared to Langmuir isotherm. The isotherm parameters as derived from the 
slope and intercept of the plots are listed in Table 2.   
The Langmuir monolayer capacity (mg/g) of CNT-ferrihydrite composite for arsenic adsorption is calculated to be 44.1 mg/g. This 
value is only slightly lower than that for pure ferrihydrite prepared by an identical method suggesting that the presence of CNT in 
the composite material has virtually no effect on arsenic adsorption. The arsenic removal efficiency of the CNT-ferrihydrite 
composite could be compared with those of other adsorbents by referring to the data in (Table 3). The data shows that CNT- 
ferrihydrite composite has arsenic removal capacity higher than most of the materials reported in the literature.  
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Figure 9. Langmuir isotherm plot of adsorption equilibrium data. 
[Conditions: 298 K, adsorbent dose 1g/L, contact time 4 h, pH 3.0] 
 
 
 
Figure 10. Freundlich isotherm plot of adsorption equilibrium data. 
[Conditions: 298 K, adsorbent dose 1g/L, contact time 4 h, pH 3.0] 
 
 
 
Table 2. Langmuir and Freundlich isotherm constants 
 
Isotherms Constants/  Correlation 
coefficients 
Values 
Langmuir R
2 
Qm 
b 
0.996 
44.1 mg/g 
0.347  L/mg 
Freundlich R
2 
KF 
n 
0.927 
14.17 
3.305 
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Table 3. Comparative assessment of CNT-ferrihydrite composite with other common adsorbents 
reported in the literature.  
Adsorbent Langmuir 
monolayer 
capacity 
(mg/g) 
Experimental 
conditions 
pH      As (V)  
concentration 
           (mg/L) 
Reference 
CNT-ferrihydrite 
Akagenite 
Fe-Ti oxide  
Activated alumina 
 
Red mud 
Treated alumina 
Maghemite 
Calcined bauxite ore 
Synthetic zeolite 
H24 
H90 
Maghemite 
CM 
SM 
MM 
44.1 
120
# 
14.6  
16.1 
20.6 
0.5 
# 
1.566 
4.64 
1.78 
 
35.8 
34.8 
 
16.7 
25 
50 
3 
7.5 
7  
4 
7 
3.2 
7 
7 
7 
 
6.5 
3.2 
 
3 
10-100 
n.a. 
n.a.  
1-25 
 
2.5-30
# 
0.5-8 
1-4  
n.a. 
 
10-150 
 
 
1-11
# 
This work 
Deliyanni et al., 2003 
Gupta et al., 2008 
Tripathy & Raichur, 2008 
 
Altundoğan et al., 2000 
Bhakat et al., 2006 
Park et al., 2009  
Mohapatra et al., 2008 
 
Chutia et al., 2009 
 
 
Tuutijärvi et al., 2009 
# converted from other units    n.a. not available 
 
 
3.6. Characterisation of As(V) loaded CNT-ferrihydrite composite 
The FESEM image of the arsenic loaded CNT-ferrihydrite sample was found to be identical to that of the unloaded sample 
suggesting that the surface structure did not change with arsenic loading. The unevenly distributed CNTs and irregular spherical 
ferrihydrite particles were still visible as agglomerated bundles.  
The FTIR spectrum of CNT-ferrihydrite sample loaded with arsenic (Figure 11) shows that, in addition to all the bands relating 
to the unloaded sample (Figure 3), it contained an additional band at 803.2cm
-1, which is assigned to the As-O stretching vibration 
(Jia et al., 2007).  
The EDAX spectrum of CNT-ferrihydrite loaded with arsenic (Figure 12) contains two peaks corresponding to arsenic. This 
confirms that arsenic is adsorbed on the adsorbent surface. 
 
 
 
Figure 11. FTIR spectra of arsenic loaded CNT-ferrihydrite sample (500-3500cm
-1) 
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Figure 12. EDAX microanalysis of arsenic loaded CNT-ferrihydrite sample 
 
4. Conclusion 
 
From the foregoing studies the following conclusions are drawn 
1.  A CNT-ferrihydrite composite has been synthesised by precipitation technique using a Fe(III) salt solution in alcohol 
as a solvent and tetraethyl ammonium hydroxide as the reagent for hydroxide ions.  
2.  The surface area of the composite compared to the CNT used in the preparation is very high.  
3.  It consists of CNT particles coated with agglomerates of ferrihydrite.  
4.  While CNT itself is a poor adsorbent for As(V), the composite  is an excellent adsorbent and unlike CNT the 
adsorption on the composite is pH dependent. The adsorption decreases as the pH is increased from 2 to 5 after 
which it levels out. This property of the composite adsorbent would make it a valuable adsorbent for arsenic 
remediation from acidic hydrometallurgical waste liquors.  
5.  The adsorption closely follows the Langmuir adsorption isotherm indicating that monolayer adsorption mechanism 
occurs. The adsorption capacity as estimated from the Langmuir isotherm is 44.1 mg/g which is much higher than 
that reported for most commonly used adsorbents.  
6.  Kinetic data are consistent with the pseudo-second order model. The intra-particle diffusion plays a role in the rate 
controlling mechanism at least in the initial stages of adsorption. 
 
Nomenclature 
 
b  Langmuir equilibrium constant related to affinity, L/mg 
C   constant related to boundary layer thickness, mg/g 
Ce   Equilibrium As(V) concentration in the solution, mg/L 
k1  Pseudo-first order rate constant, /min 
k2  Psudo-second order rate constant, g/mg.min 
KF  Freundlich adsorption isotherm constant, (mg/g)(mg/L)
-1/n 
kid  Intra-particle diffusion rate constant, mg/g.min
1/2 
Qm   monolayer adsorption capacity, mg/g 
qt  Adsorption capacity at any time t, mg/g 
qe  Adsorption capacity at equilibrium, mg/g 
n  Freundlich isotherm constant related to intensity of adsorption 
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